Abstract. We propose a novel method for decolorizing a color image to grayscale, which preserves the chromatic contrast to be lost if using a simple luminance mapping. Unlike previous work, the conversion performs in spectral domain after applying Fourier transforms on luminance and chromatic channels, and the resultant intensity is recovered from an inverse transform. Frequency spectra inherently provide the magnitude of changes (i.e. contrast) among the channels, in all spatial scales. Consequently, only simple arithmetic operations are needed to add chromatic differences to the final grayscale intensity, leading to realtime computational speed. Moreover, users can flexibly control the decolorization effects by interactively adjusting visually-intuitive parameters, in addition to our predefined values. The method has great potential to be incorporated in commercial software and printer drivers due to its simplicity, speed and repeatability.
Introduction
We are living in an era that people acquire, generate, manipulate and display innumerable colorful digital images (or documents) with cameras, scanners and computers, while meanwhile, black-white TVs are very hard to find, and black-white pictures are only presented by professional photographers. However, ironically, image decolorization that degrades a color image to a grayscale image, is of increasing importance and interest for researchers and consumers. First, grayscale prints are budget-friendly as well as environmentally friendly, in comparison with the color ones. Therefore, they are widely used in newspapers, journals and daily handouts. Second, many image manipulation techniques, e.g. in pattern recognition, rely on the grayscale mapping of a colorful input. Effective conversion technique that keeps original color information as much as possible, and meanwhile, provides results as soon as possible, will have wide use in many applications.
Color to grayscale conversion inevitably leads to the loss of perceptual information. This procedure is typically implemented by discarding chromatic information while retaining the luminance channel. However, two perceptually contrasted colors may become one similar luminance value, with chromatic difference disappearing in results. The approach may end up with inferior grayscale prints of no use, or risk consequent image analysis by losing significant identification patterns (e.g. edges). A handful of pursuits have been conducted to enhance the decolorization results in order to preserve the original color (both luminance and chrominance) differences. Most previous approaches regard the grayscale conversion as an optimization problem, trying to find an optimal color-to-gray mapping that preserves the contrast in fixed-size (or global) spatial neighborhoods, or among the colors appearing in a particular image. Solutions to the optimization problem suffers slow numerical computing, typically consuming many seconds or minutes on a medium size image. Random sampling of contrast in paired pixels, combined with a predominant component analysis, can provide fast computation and enhance contrasts within varying neighborhood sizes. Nevertheless, its random contrast sampling makes the conversion results not repeatable, unless a fixed random seed is stored and reused, which restricts its applicability in many scenarios. In this paper, we propose a novel decolorization algorithm which provides controllable contrast preservation in all spatial scales, and furthermore, achieves excellent computational performance enabling realtime feedbacks for flexible user control and adjustment.
Due to the perceptual characteristics of human visual system, colors are represented by variable combinations of three component channels. Many color spaces with different components are used, for example, the RGB space is popular in digital displays. Luminance measures the energy an observer perceives, which typically forms a grayscale image. To pick Iup the chromatic difference, compared with the RGB space, the perceptually designed CIE Lab space provides a good operational basis, since the L channel directly links with luminance, and the a and b channels accommodate chrominance. We use the Lab space throughout this paper.
Our method seeks to implement the color-to-gray mapping in spectral domain, in particular using the Fourier space in this paper. Other spectral techniques, such as the wavelet domain, can also be applied, since our contrast enhancement strategy is not affected. We first compute Fourier transforms on the luminance channel (L), and the two chromatic channels (a and b) of an image, respectively. The results,L,â andb, are directly related to spatial rates of the intensity change at all spatial scales. Each frequency spectrum (i.e. magnitude) inherently reflects the contrast level at each corresponding scale, among the three components of the image. A luminance-mapping grayscale image can be recovered from an inverse Fourier transform ofL. Our method implements the augmented decolorization by modifyingL incorporating compensation fromâ and b. Thereafter the inverse transform achieves a desired grayscale image preserving visual differences of luminance and chrominance. We provide a predefined scheme to compute two coefficients used in adding chromatic contrast to luminance contrast: one for defining the degree of chromatic contrast to be incorporated, and another one for determining different levels of chromatic contrast from two different channels, respectively. Besides the automatic computation, the coefficients can also be flexibly defined by users for various tasks.
The method only involves simple arithmetic operations, other than several Fourier transforms. The transforms are implemented theoretically with O(N logN ) complexity by a Fast Fourier Transform (FFT) algorithm, with the number of pixels N . In practice, our method efficiently accomplishes the decolorization with realtime feedback for most images on typical consumer computers. In summary, we innovate a spectral decolorization method that effectively converts color images to grayscale ones, which is realtime, repeatable, easy-programming and with flexible control. Due to these merits, we are looking forward to it being used in image processing software and commercial printer drivers.
Related Work
Several methods have achieved success in decolorization. Bala et al. [1] presented a method to convert color images to grayscale while preserving color edges. Chromatics edges are gained by applying a spatial high-pass filter and combined with weighted luminance values. The method successfully preserves the chrominance edges while other chromatic contrasts are not well captured. Rasche et al. [2] proposed to solve the color to grayscale conversion and recoloring as a constrained, multivariate optimization. They defined a quadratic objective function incorporating contrast preservation among all colors present in an image, ignoring the spatial distribution of the colors. Then a sequence of linear programming problems were solved to find desired optimum of the objective function. However, the solutions were slow to converge and prone to local minima. Instead of optimization in the colors, Gooch et al. [3] sought to tackle the problem between neighboring pixels. They created target differences based on local luminance and chrominance contrasts between pixels, while the neighborhood size was controlled by a user-specified parameter. Optimizing the target difference in grayscale results led to a very slow O(S 4 ) algorithm for a full neighborhood (i.e. whole image) computation, where S was the resolution scale of the image. To overcome the slow computation of the optimization techniques, and to capture contrasts in varying-size neighborhoods, random sampling of pixel pairs was explored with a predominant component analysis, to provide fast and direct conversion results [4] . Simply pairing pixels with a Gaussian distribution, as a statistical sampling method, may affect the effectiveness of the contrast acquisition in some cases. Random sampling also required additional efforts, such as keeping a fixed seed as suggested by the authors, to enable repeatable conversion results, which restrained its usage in some tasks. Neumann at el. [5] also presented a method focusing on perceptual based approach by measuring the color and luminance contrasts as a gradient contrast of the Coloroid space, whose running time is linear and no user intervention is needed. It requires comparison and/or optimization over many variables. Recently, Kim et. al. [6] proposed a fast algorithm preserving feature discriminability and color ordering by optimization of a nonlinear global mapping. They further applied the method to video conversion.
In comparison, our method tackles the problem through an alternative route while a very simple algorithm is proposed without complex optimization involved. Diverting from the pixel space of an image, we perform contrast preservation based on a transformed image in the frequency space. The transformation inherently computes the spatial changes (i.e. contrasts) of the color components, providing the luminance and chromatic differences within different feature scales. Consequently, our method is able to augment contrasts in all scales simultaneously, and completes in a very fast speed based on the fast Fourier transform on both consumer CPU and GPU. Besides suggested mapping results with default parameters, we provide full control for users who can easily adjust parameters for immediate feedback of tentative grayscale images. One or even many satisfied final results are chosen by users instead of a predetermined optimization result, which in many cases are not appropriate or plausible due to various application scenarios and user perceptual discretion. 
Here, a function H computes a modified Fourier-domain grayscale intensity,Ê, from the Fourier-domain counterparts of the original luminance channel and the two chromatic channels. H is implemented at each frequency as
where θ controls the degree of chromatic contrast added to the grayscale result, and φ is a coefficient to determine the relative contributions of the a and b channels. In Eqn. 2, all the Fourier values and coefficients are dependent on the frequency w, which is omitted for clearance.
Parameter Control
Two controllable coefficients θ and φ determine various contrast augmentation effects on grayscale results. They can be computed automatically based on the data fact of the Fourier spectra. θ models the degree of the incorporated chromatic contrast, which can be determined by linking it with the relative conversion loss measured by comparing the RGB difference and the luminance difference. In our scheme, these differences are modeled by the spectrum operation at each frequency:
Here || represents the spectrum of the complex values,R,Ĝ,B are Fourier transform results of R, G, B channels. Meanwhile, φ is computed by the relative proportion of the P and Q spectrum:
θ and φ can be automatically computed at each w and applied in Eqn. 2. In practice, using an averaged θ and an averaged φ from all frequencies can generally provide clear results with no artifacts caused by individual frequency operations. In this way, the results satisfy global consistency, i.e. pixels with same color mapping to same grayscale, due to the linearity of Fourier transform applied to Eqn. 2. 
Discussion
More complex optimization on all frequencies can also be applied to choose θ and φ, however, such totally-automatic choice is not appropriate for various purposes from different users and applications. It is obvious there exist no perceptually best mapping that can satisfy everybody. A practical strategy is to provide flexibility and control to field users. We prefer to give users a handful interface using the averaging values as defaults.
If the automatically-selected parameters do not produce desired results, our system enable interactive adjustment with immediate responses, thanks to the fast computation. In comparison to pixel domain methods using fixed local regions and partial contrast scales, our method provides a full spectrum of color contrast information in all spatial scales, which leads to a new framework and thus makes it possible for better configuration of grayscale mapping. Future study will focus on providing color-to-gray mapping with interactive control of quality on different frequencies: (1) mapping that bases on user examples, e.g., from existing good mapping; (2) mapping with importance, e.g., guided by user's selection of critical regions on the whole image, in which the converted result should have best quality; etc. We also anticipate this novel frequency-based approach being combined with other methods to help solving this critical problem in a better way.
Results
Due to the very simple arithmetic operations of our algorithm, most computing time is consumed by the FFT operations implemented by the fftw package [7] . The algorithm is also implemented in Matlab with a few lines of codes. Our method runs very fast: for a 512 × 512 color image, it uses about 0.25 seconds on a consumer PC with an Intel Core2 Quad 2.4GHz CPU and 3GB memory. Thanks to the FFT acceleration on GPU, it improves to around 0.02 seconds on an nVidia 8800 GT 512MB. For an 800 × 600 image, it uses 0.29 seconds on the CPU and 0.04 seconds on the GPU. Fig. 1 shows the conversion results compared with their classic luminance images. A yellow dragon is visually separable in grayscale from the background on the top row. At the bottom, the yellow areas become divisible on the white petals after conversion.
In Fig. 2 , we convert a colorblind test image to grayscale. Fig. 2c is the result of Gooch et al. [3] , using full image optimization with a large chromatic variation value (α = 30), which shows mildly enhanced contrast. In Fig. 2d , the algorithm of Grundland et al. [4] generates an augmented image with a very large degree of enhancement (λ = 2.0). Fig. 2e uses our spectral decolorization with a pre-computed θ = 0.44 from Eqn. 3. Fig. 2f uses a larger θ = 0.6, adding more chromatic contrast to the result.
In Fig. 3 , we apply our algorithm to a color image having been used in by Gooch et al. [3] and Grundland et al. [4] . In contrast to the previous methods, in which "the lettered labels typically are made less legible" [4] , Fig. 3c depicts that our algorithm, performing on all scales, can preserve background details and also keep the labels clear.
Decolorization is probably more widely used in daily documents, for budget-saving printing, than in scenery pictures. Fig. 4 illustrates our method in mapping a digital route map to grayscale. Fig. 4c shows a good result by Grundland et al. [4] with λ = 0.5.
Our spectral decolorization result in Fig. 4d shows further enhanced information of the route, together with the enhanced major roads (yellow in Fig. 4a ) which play a significant reference role in route map understanding and usage.
In Fig. 5 , we show the effects of different φ values of mapping a satellite landscape image with fires by a severe drought. Two extreme cases are used: Fig. 5c augments many red spots not obvious in luminance with φ = 0.1, and Fig. 5d enhances blue regions of the smoke, with φ = 0.9. Fig. 6 converts a Chinese painting using different methods. Our result in Fig. 6e presents clear contrast between the red and black regions of the origin image.
Conclusion
A spectral image decolorization method performs grayscale conversion in Fourier domain, which lends itself to a good tool in many applications, due to its simple implementation, fast speed, and repeatable results. In the future, we will further extend the method to recoloring images for helping color-deficiency people. 
